We propose a method to realize diluted magnetic semiconductors (DMSs) with p-and n-type carriers by choosing host semiconductors with a narrow band gap. By employing a combination of the density function theory and quantum Monte Carlo simulation, we demonstrate such semiconductors using Mn-doped BaZn 2 As 2 , which has a band gap of 0.2 eV. In addition, we found a nontoxic DMS Mn-doped BaZn 2 Sb 2 , of which the Curie temperature T c is predicted to be higher than that of Mn-doped BaZn 2 As 2 , the T c of which was up to 230 K in a recent experiment.
I. INTRODUCTION
After the discovery of ferromagnetism in (Ga,Mn)As, diluted magnetic semiconductors (DMSs) have received considerable attention owing to potential applications based on the use of both their charge and spin degrees of freedom in electronic devices 1,2 . Thus far, the highest Curie temperature of (Ga,Mn)As has been T c = 190 K 3 . The substitution of divalent Mn atoms into trivalent Ga sites introduces hole carriers; thus, (Ga,Mn)As is a p-type DMS.
The valence mismatch between Mn and Ga leads to severely limited chemical solubility for
Mn in GaAs. Moreover, owing to simultaneous doping of charge and spin induced by Mn substitution, it is difficult to individually optimize charge and spin densities.
To overcome these difficulties, a new type of DMS, i.e., Li(Zn,Mn)As was proposed 4 and later fabricated with T c = 50 K 5 . It is based on LiZnAs, a I−II−V semiconductor. Spin is introduced by isovalent (Zn 2+ , Mn 2+ ) substitution, which is decoupled from carrier doping with excess/deficient Li concentration. Although Li(Zn,Mn)As was proposed as a promising n-type DMS with excess Li + , p-type carriers were obtained in the experiment with excess
Li. The introduction of holes was presumably because of the excess Li + in substitutional Zn 2+ sites 5 . Later, another I−II−V DMS, i.e., Li(Zn,Mn)P was reported in an experiment with T c = 34 K 6 . Li(Zn,Mn)P with excess Li was determined to be of the p-type as well in the experiment. According to first-principles calculations, the reason for this is the same as that for Li(Zn,Mn)As 6 . Although such p-type I−II−V DMSs have a few distinct advantages over (Ga,Mn)As, the achievable T c is much lower than that of (Ga,Mn)As.
Another type of DMS (Ba,K)(Zn,Mn) 2 As 2 was observed in experiments with T c up to 230 K 7, 8 , which is higher than that for (Ga,Mn)As. Based on the semiconductor BaZn 2 As 2 , holes were doped by (Ba 2+ , K + ) substitutions, and spins by isovalent (Zn 2+ , Mn 2+ ) substitutions. It was a p-type DMS. Motivated by the high T c , density functional theory (DFT) calculations 9 and photoemission spectroscopy experiments 10,11 were conducted to understand the microscopic mechanism of ferromagnetism of p-type DMS (Ba,K)(Zn,Mn) 2 As 2 . By contrast, an n-type DMS, i.e., Ba(Zn,Mn,Co) 2 As 2 was recently reported in an experiment with
In this material, electrons are doped because of the substitution of Zn with Co, and spins are generated mainly because of (Zn 2+ , Mn 2+ ) substitutions.
In Mn-doped BaZn 2 As 2 , why is the ferromagnetic (FM) coupling observed in both p-and n-type cases? Why is T c much lower in the n-type case than that in the p-type case? In close to the top of the VB owing to strong mixing between the impurity and the VB, and usually no IBS appears below the bottom of the CB because of weak mixing between the impurity and the CB [13] [14] [15] . We have 0 general, can p-and n-type DMSs be realized? The answers will be helpful for fabricating spin p-n junctions in the future. In this study, we attempt to address such issues. In previous studies on DMS materials with wide band gap ∆ g , we found that the position of the impurity bound state (IBS) ω IBS was close to the top of the valence band (VB) owing to the strong mixing between the impurity and the VB, and usually no IBS appeared below the bottom of the conduction band (CB) because of weak mixing between the impurity and the CB [13] [14] [15] .
Thus, we have 0 ω IBS ≪ ∆ g , as shown in Fig. 1(a) . The magnetic correlation M 15 , is shown in Fig. 1 (b) .
Here, we propose a method for realizing p-and n-type DMS. The key is choosing host semiconductors with a narrow band gap ∆ g . By selecting suitable host semiconductors and impurities, the condition 0 ω IBS ∆ g is satisfied, as shown in Fig. 1(c) . We show that for both the p-type (µ ∼ 0) and the n-type (µ ∼ ∆ g ) cases, the condition for developing FM coupling, that is µ ∼ ω IBS , can be fulfilled, as shown in Fig. 1(d) .
II. DFT+QMC METHOD
In the following, we realistically calculate the electronic and magnetic properties of the Mn-doped BaZn 2 As 2 DMS, which has a narrow band gap ∆ g (= 0.2 eV) 7 . We use a combi- The Haldane−Anderson impurity model is defined as follows:
where c † kασ (c kασ ) is the creation (annihilation) operator for a host electron with wave vector k and spin σ in the VB (α = v) or the CB (α = c), and d † iξσ (d iξσ ) is the creation (annihilation) operator for a localized electron at impurity site i in orbital ξ and spin σ with
Here, ǫ α (k) is the host band dispersion, µ is the chemical potential, V iξkα denotes mixing between the impurity and the host, ǫ d is the impurity 3d orbital energy, and U is the on-site Coulomb repulsion of the impurity. Considering the condition of Hund coupling J H ≪ U, J H is neglected and the single-orbital approximation is used to describe the magnetic sates of impurities.
III. RESULTS FOR
The parameters ǫ α (k) and V iξkα are obtained by DFT calculations using the Wien2k package 26 . To reproduce the experimental narrow band gap of 0.2 eV in BaZn 2 As 2 7 , we use the modified Becke−Johnsom exchange potential (mBJ) 27 , which has been implemented in the Wien2k package. The obtained energy band ǫ α (k) is shown in Fig. 2 (a), where BaZn 2 As 2 has space group I4/mmm. We obtained an indirect gap band ∆ g = 0.2 eV, which is in good agreement with the experimental 7 and previous calculated 10, 28 values.
The mixing parameter between the ξ orbitals of an Mn impurity and the BaZn 2 As 2 host is defined as
, which can be expressed as
where ϕ ξ (i) is the impurity 3d state at site i, and Ψ α (k) is the host state with wave vector k and band index α, which is expanded by atomic orbitals ϕ o (n) having orbital index o and site index n. Here, N is the total number of host lattice sites, and a αo (k) is an expansion coefficient. To obtain the mixing integrals of ϕ ξ (i)|H|ϕ o (n) , we consider a The parameters U and ǫ d are determined as follows. For (Ga,Mn)As, the reasonable parameters are estimated as U = 4 eV and ǫ d = -2 eV 14 . A recent resonance photoemission spectroscopy experiment showed that the Mn 3d partial density of states in (Ba,K)(Zn,Mn) 2 As 2 and (Ga,Mn)As are quite similar, excepted that the peak of (Ga,Mn)As is approximately 0.4 eV deeper than that of (Ba,K)(Zn,Mn) 2 As 2 10 . Thus, the reasonable parameters of Mn- Operator n ξ is defined as follows:
The orbitals xz and yz of Mn subsitutional impurities at the Zn site degenerate owing to the crystal field of BaZn 2 As 2 , which has a group space of I4/mmm 7 . Sharp increases in n ξ are observed around -0.5, -0.4, -0.2, and 0.0 eV for the orbitals ξ = z 2 , xy, x 2 − y 2 , and xz(yz), respectively. This implies the existence of an IBS at this energy ω IBS 13-18 . In order to make the IBS clearer, we show the partial density of state of an Mn impurity, d n ξ /dµ, in Fig. 3 (b) . The peaks in d n ξ /dµ correspond to the positions of IBS. i is defined as follows: shows that the magnitude of FM coupling M z 1ξ M z 2ξ in the n-type case is smaller than that in the p-type case, which can qualitatively explain why the T c in the n-type case 12 is lower than that in the p-type case 7, 8 in the experiments.
To understand the long-range FM correlation function M 
where n αrσ = c † αrσ c αrσ is the number operator for host electrons with band index α and site r and spin σ. In Fig. 5(a) , for p-type carriers with µ = -0.3 eV, the long-range antiferromagnetic (AFM) correlation is obtained between the orbitals ξ = x 2 − y 2 and z 2 of Mn impurity and host electrons. In Fig. 5(b) , for n-type carriers with µ = 0.15 eV, the long-range AFM correlation is obtained between the orbitals ξ = xz and yz of Mn impurity and host electrons. Thus, the long-range FM coupling between impurities is mediated by the polarization of host electron spin. Such carrier-mediated FM is already discussed in previous DMS materials with a wide band gap, such as (Zn,Mn)O 13 , (Ga,Mn)As 14 , and Mg(O,N) 15 .
IV. RESULTS FOR
We made similar calculations for Mn-doped BaZn 2 Sb 2 , where a distinct advantage was the replacement of As with nontoxic Sb. BaZn 2 Sb 2 , too, has a narrow band gap ∆ g = 0.2 eV, but a different space group Pnma 29 . A direct band gap of 0.2 eV was obtained by the DFT calculation as shown in Fig. 6 (a) , which agrees well with the experimental value. For Mn-doped BaZn 2 Sb 2 with p-type carriers, we take µ = -0.3 eV, the same value as that used for Mn-doped BaZn 2 As 2 with p-type carriers. Figure 8 shows the distance R 12 dependence of the magnetic correlation M z 1ξ M z 2ξ between the ξ orbitals of two Mn impurities for the p-type case. Long-range FM coupling up to approximately 10Å(the 14th nearest neighbor) was obtained for the ξ = xz, yz, x 2 − y 2 , and z 2 orbitals, while relatively short-range FM coupling is obtained for the xy orbital. This is considerably longer than 6Å(the third nearest neighbor) obtained for Mn doped BaZn 2 As 2 with p-type carriers, as shown in Fig. 4 (a) . Such long-range FM coupling arises from the short distance between the neighboring Zn sites in BaZn 2 Sb 2 , as is clear from comparison of the first-, second-, and third-nearest neighbors in Fig. 4 (a) and those neighbors in Fig. 8 and BaZn 2 Sb 2 as discussed in Sec. III. In this section, we will discuss how the uncertainty of these values affects the outcome of the calculations.
For Mn-doped BaZn 2 As 2 with the same impurity level parameter ǫ d = -1.5 eV and a larger Coulomb repulsion parameter U = 5 eV, the occupation number n ξ , the partial density of state d n ξ /dµ of the ξ orbital of an Mn impurity, and the magnetic correlation 
